This work examined the influence of different chemical blowing agents (CBA), one endothermic and one exothermic, at the same concentration (2% by mass), on poly(acid lactic), PLA foams. The CBA was incorporated into the PLA in a single-screw extruder, and the foams were expanded by heating in an electric oven under free pressure conditions. Foam degradation in a simulated soil was performed according to the ASTM G160-03 standard. Changes in the physical-chemical, morphological and mechanical properties were used to evaluate the degradation. The results indicated that the different chemical blowing agents led to different mechanical and morphological properties for the foams, which resulted from the nature and decomposition rate of the blowing agents. Cells in the foams accelerated the degradation since they facilitated the infiltration of water toward the interior of the polymer and triggered the degradation process by hydrolysis.
Introduction
Polymeric foams are two-phase systems that consist of a solid polymeric phase and a gas phase. The gaseous phase is generated during processing and distributed in voids that are called cells. Open cells are interconnected, and closed cells are isolated or independent of one another 1 . Cells reduce the density, improve the thermal, acoustic insulating characteristics and enhance the dampening properties of foams, thereby enabling the use of these materials in food packaging and protection applications 2 . Polymeric foams are produced by deploying blowing agents that form cells in the polymer matrix. Blowing agents can be physical, such as low boiling point gases or liquids, or chemical, which are substances that decompose when heated releasing volatile gases such as carbon dioxide (CO 2 ) and nitrogen (N 2 ). The choice of the chemical blowing agent depends on the decomposition temperatures of the blowing agent, the polymer melt temperature and of the desired properties of the foam. The morphology and physical features of foam depend on the polymer matrix and the blowing agent utilized in processing 1, 3, 4 . Polymeric foams are difficult to transport and recycle because of their low densities and bulky volumes. Gautam et al. (2007) studied the biological degradation of expanded polystyrene (EPS) and reported that EPS does not undergo short-term biodegradation in the presence of fungi and microorganisms and requires many years to decompose 5 . Biodegradable packaging composed of poly(lactic acid) (PLA) foam shows promise as an alternative, with a lower environmental impact than conventional EPS packaging.
PLA is an aliphatic, biodegradable compostable polyester that is synthesized from lactic acid, which can be obtained from renewable sources such as corn, potatoes, sugar beets and sugar cane [6] [7] [8] . In the environment, the overall degradation time of the PLA ranges from six months to two years and depends on the condition that the PLA is exposed. The degradation of PLA occurs at a two-step process. First, water penetrates in the PLA and hydrolyzes the ester groups. Hydrolysis attacks the amorphous segments of the polymer, reducing the chains to smaller, more soluble fragments with lower mass. Second, enzymes attack, metabolize the fragments and decompose the polymeric material 8, 9 . The mechanical properties of PLA are similar to those of conventional polymers such as polystyrene (PS) and polypropylene (PP). Most conventional polymer processing techniques, such as extrusion and injection, can be used for PLA 10 . This work focuses on using two blowing agents to form PLA foams. The degradation of the foams in simulated soil is evaluated by comparing their morphological, chemical, thermal and mechanical properties before and after exposure.
Material and Methods

Materials
The poly(lactic acid) grade PLA CP 5001 used in this study was manufactured and obtained from Iraplast Indústria e Comércio Ltda (Cereplast Inc). The exothermic blowing agent (EXO) was a grade CS4M azodicarbonamide with zinc oxide activation manufactured by Bayer S.A. The bicomponent endothermic blowing agent (ENDO) was composed of sodium bicarbonate and citric acid (1:1) and manufactured by Multicolor Indústria e Comércio de Pigmentos Ltda.
Sample preparation
Samples of PLA were processed with 2% (by mass) of exothermic blowing agent (E-PLA/EXO) and endothermic bicomponent blowing agent (E-PLA/ENDO) in an SEIBT model ES35 L/D29 single screw extruder. Extrusion processing was performed at low temperatures (120, 130 and 140 °C) in order to avoid promoting the decomposition of the blowing agents. The mixtures were milled in a MARCONI model MA 580 knife mill with an Ø6 mm side sieve. The milled materials were thermally pressed in a SCHULZ model PHS 15T heated press at 115 °C with 5 tons of pressure for 10 minutes. A mold was used to obtain preform plates with 3 mm thick. The foams were expanded without pressure in an electric oven at 190 °C for 10 minutes. Finally, the expanded plates were cut into specimens for physical and mechanical characterization.
Degradation test
The simulated soil employed for the degradation test was prepared in accordance with the ASTM G160-03 standard from a mixture of equal parts of low-clay content fertile soil, 40 mesh beach sand and horse manure. After mixing, the soil was allowed to mature for three months, and its temperature and humidity were monitored daily.
Characterization of samples
The E-PLA/EXO and E-PLA/ENDO samples were characterized after 0, 30, 60 and 90 days of exposure in the simulated soil, according to the requirements of the ASTM G160-03 Standard.
The apparent density of the samples was calculated by the ratio of the sample mass (g) and volume (cm ). In keeping with ASTM D1622-08, five replicate measurements at different locations in the expanded plate were made for each sample.
The mechanical testing by flexural tests was performed according to ASTM D790-10 at a flexural speed of 1.5 mm.min -1 , using an EMIC DL 3000 testing machine. Studies on the morphology of the E-PLA/EXO and E-PLA/ENDO samples were carried out using a SHIMADZU Superscan SS-550 scanning electronic microscope (SEM) with carbon coated. For the evaluation of the size and number of the cells, three micrographs at different locations in the expanded plate were used for each sample.
Chemical properties were assessed by Fourier transform infrared spectroscopy (FTIR) in a THERMO SCIENTIFIC model NICOLET iS10 instrument using KBr tablets. The samples were scanned in the region of 4000-400 cm -1 at a resolution of 4 cm -1 . Thermal properties were evaluated using differential scanning calorimetry (DSC) in a SHIMADZU model DSC-60 instrument at a heating rate of 10 °C.min -1 and scanned from 0 to 200 °C with a 3-minute isotherm.
The glass transition (T g ), cold crystallization (T cc ) and crystalline melting (T m ) temperatures were determined. The crystallinity index (X c ) was calculated from the first heating run of DSC thermogram, and it was calculated according to Equation 1:
where ∆Hm is the melting enthalpy of the sample (J/g) and ∆Ho is the melting enthalpy for 100% crystalline PLA, which corresponds to 93.6 J/g [11] . The cold crystallization time -tcc, (min) was calculated according to Equation 2:
where Ts is the start crystallization temperature (°C), Te the end crystallization temperature (°C) and βo is the heating/ cooling rate (10 °C.min -1 ) [12] .
Results and Discussion
Physical properties
The apparent density is a parameter that defines the ratio between the solid and gas components of a foam. It is a crucial parameter that influences the mechanical, physical and electrical foam properties. The apparent density of the samples are: PLA (1.26 ± 0.10 g.cm ) e-PLA/ENDO (0.50 ± 0.04 g.cm -3 ) and E-PLA/EXO (0.44 ± 0.02 g.cm -3 ). The density of the neat polymer was in agreement with the value found in the literature (1.26 g.cm -3 ) [13] . For the foams, the lowest density was obtained for the E-PLA/EXO sample (65% reduction), while the reduction was 60% for the E-PLA/ENDO sample. However, the apparent density is an average property because the density can vary from the surface to the core of a sample and vary with the cell size. Both samples exhibited rigid structural foam features with reduced bulk density at the core. Closed cells near the surface were coated with a thin layer of polymer (skin). These foams combined thermal/acoustic insulation properties with mechanical strength 1 .
Foam morphology
The morphology of foam is an important parameter because it influences many mechanical properties that depend on the organization/distribution/dimension of the cells 1, 14 . Figure 1 illustrates the morphology of E-PLA/ENDO and E-PLA/EXO samples, after exposure to the simulated soil.
Figures 1a and 1e can be analyzed to compare the variations in the morphology and the numbers and sizes of the cells obtained with the two blowing agents. The cells in the E-PLA/EXO sample were smaller, between 141 and 463 µm, with an average of 289 ± 89 µm. The cell concentration per unit area was higher (39 ± 7 cells / 2.5 mm 2 ) in the E-PLA/EXO sample than in the E-PLA/ENDO sample, where the cells were between 250 and 831 µm with an average of 432 ± 210 µm, and the number of cells per area was relatively low (17 ± 6 cells / 2.5 mm
2 ). The degree of heterogeneity of the cells was characterized by the ratio between the numbers of larger and smaller 15 . As a result of the processing methodology and the absence of cross linking agents, the E-PLA/EXO and E-PLA/ENDO samples had high degrees of heterogeneity, which was consistent with the amplitude and large standard deviations from the average cell sizes.
Solid residues resulting from the decomposition of the blowing agent can act as nucleation centers and yield more uniform, better dispersed cell structures in the polymer matrix since they promote cell growth. The exothermic blowing agent caused the formation of more homogenous, smaller cell structures relative to the endothermic blowing agent. This observation can be attributed to the higher decomposition rate of exothermic blowing agent and the fact that zinc oxide likely acted as a nucleating agent during the course of expansion 14 . The endothermic blowing agent has a slower decomposition rate than the endothermic blowing agent and decomposes to form water, which also acts as a blowing agent for cell formation. The gases generated by the decomposition of the blowing agent and the evaporation of water tend to penetrate into developing cells instead of forming new cells, which leads to the formation of foams with a smaller number of larger cells than the cells formed in foams produced with exothermic blowing agents 14 . During exposure to the simulated soil, changes in the surfaces and morphologies of the samples were indicative of degradation 16 . Both samples showed gradual structure deformation such as cell failure and collapse.
Voids within the polymer matrix caused by the expansion process and cell deformation during the degradation process permit the gradual infiltration of water, which facilitates PLA degradation by hydrolysis. Pushpadass et al. (2010) studied the biodegradation of starch foams with polystyrene and two blowing agents, azodicarbonamide and citric acid. They reported that the blowing agent influenced the foam morphology and degradation. When citric acid was used as a blowing agent, the cells were larger, and the onset of biodegradation was earlier 17 .
Visual features
The evaluation of polymer degradation can be assessed by macroscopic changes in appearance, such as surface roughness, crack and void formation, color changes and microorganism colonization on the polymer surface 18 . Figure 2 shows the visual features of the expanded test specimens after 90 days of exposure to simulated soil, where the arrow indicates the portion buried in the soil.
The color change from light tan to white was observed in the area exposed to the soil where decomposition occurred. Figure 3 illustrates the data for the mechanical properties of the flexural strength and flexural modulus of elasticity, respectively, as functions of the exposure time in simulated soil.
Mechanical properties -flexural properties
The E-PLA/ENDO sample exhibited superior flexural strength (26.7 ± 6.4 MPa) relative to the E-PLA/EXO sample (3.2 ± 0.9 MPa). This superior flexural strength can be attributed to the differences in cell morphologies obtained with the different blowing agents. The larger number of cells in the E-PLA/EXO sample caused the formation of a smaller wall at the cell contour and more voids, which could have made the structure more fragile and susceptible to fracture.
The gradual reduction in the mechanical properties such as flexural strength and flexural modulus of elasticity was observed when the expanded samples were exposed to the simulated soil. These observations indicated that the degradation processes caused scission of the polymer Figure 2 . Photographic record of expanded test specimens of (a) E-PLA/EXO; and (b) E-PLA/ENDO after 90 days of exposure to simulated soil. chains and cell collapse, which decreased the mechanical properties. The reduction in the flexural modulus of elasticity after soil exposure further suggests that water infiltrated the polymer molecular structure, acted as a plasticizer and reduced the toughness properties. Figure 4 shows the spectra of E-PLA/EXO and E-PLA/ ENDO samples as a function of the exposure time in simulated soil.
FTIR
The FTIR spectra contained three bands attributed to the vibration of the C-CO-O-C group, which were consistent with PLA results from the literature. The PLA characteristic bands were 2995-2946 cm -1 (the C-CH 3 groups), 1758 cm -1
(the carbonyl (C=O) groups), 1454 cm -1 (the CH(CH 3 ) groups), and 1184 cm -1 (the O-C-O groups) as well as three peaks at 1129, 1089 and 1044 cm -1 related to the C-C-O groups 20, 21 . The exothermic blowing agent caused a band at 1613 cm -1 in the E-PLA/EXO sample that was related to the AZO (-N=N-) compound present in the blowing agent. During the decomposition of the bicomponent endothermic blowing agent, gases such as CO 2 , water and sodium citrate were released. The appearance of the band at 1592 cm -1 can be associated with the sodium citrate C=O group 3 . Following the soil degradation test, the intensity of the main PLA characteristic bands increased, especially in the E-PLA/ENDO sample. The intensity of the 3500 cm -1 band (associated with the OH group) increased with exposure to simulated soil, which indicated the presence of moisture in the sample. The higher water content in the polymer could be attributed to the environment of the sample and the onset of hydrolysis, which was consistent with the evidence of infiltration of water towards the interior of the polymer. Changes and increases in the strength of the bands related to the C=O; O-C-O and C-C-O groups were observed. These changes were caused by the scission of the PLA links resulting from hydrolysis after the soil degradation test. Figure 5 presents the DSC thermograms for PLA, E-PLA/ENDO and E-PLA/EXO.
Exploratory Differential Calorimetry -DSC
Three main transition temperatures were observed during the heating step of the thermograms. The glass transition temperature (Tg) was observed between 56 and 60 °C, the cold crystallization temperature (Tcc) was in the range between 100 and 123 °C, and an endothermic peak, related to the crystalline melting temperature (Tm), appeared at 154 °C. The exothermic peak in Figure 5 indicated that the PLA did not crystallize during the cooling step at this rate, but rather during the heating step. Qin et al. (2011) attributed the exothermic peak to a cold crystallization rate called Tcc, where the polymer gains heat with no change in phase, reaching its energy limit during its Tg. With the increase in temperature, this energy is released with reorganization of its structure up to the point when an endothermic peak occurs, which is caused by the polymer phase (melting) 22 .
In the thermogram, the neat PLA and the E-PLA/ENDO samples did not display its thermal history during the second heating step, while the E-PLA/EXO sample showed all three characteristic temperatures. This result could be associated with alterations of the PLA crystallization kinetics associated with chemical interactions between the polymer, the azodicarbonamide and the zinc oxide, which acted as nucleating agent and facilitated crystallization during the second heating step.
The crystallization time and the crystallinity index of the samples after the processing are listed in Table 1 .
As mentioned above, the residues of the blowing agent decomposition nucleate the formation of foam cells while influencing PLA crystallization. The peak intensity and the cold crystallization time suggest that these residues reduced the cold crystallization time, mainly in the E-PLA/EXO sample that contains solid ZnO particles as well as residues of decomposed azodicarbonamide. The higher Xc, in addition to the lower crystallization time, indicated that the E-PLA/EXO sample tended to form smaller crystallites than the E-PLA/ENDO sample, and the size of these crystallites had a direct influence on the mechanical properties and the PLA degradation process.
Crystallinity can be defined as an index that evaluates the higher or lower order in the three-dimensional arrangement of atomic or molecular groups. The crystallinity index of foam is related to the polymer composition, chemical structure, molecular mass and temperatures during preparation and/or processing. Higher or lower crystallinity can influence degradation processes. In broad terms, higher polymer crystallinity correlates with greater resistance to hydrolysis and oxidation degradation processes 23 . Table 2 lists the results for the DSC thermal analysis for the PLA, E-PLA/EXO and E-PLA/ENDO samples during exposure in simulated soil.
No change in Tg was observed for the E-PLA/ENDO samples, while Tg for neat PLA and E-PLA/EXO decreased after exposure to simulated soil for 90 days. For all samples, Tcc decreased during the degradation process. This reduction can be associated with the formation of lactic acid oligomers resulting from chain scission during the hydrolysis and degradation of amorphous portions of the polymer, which lead to greater mobility and relaxation of the polymer chains. Chains with lower molecular mass crystallize more easily and have lower crystallization temperatures 19 . The increase in crystallinity of the neat PLA after the simulated soil degradation test is associated with the fact that semi-crystalline polymers undergo preferential degradative attack in their amorphous regions, which are more susceptible to the penetration of water and oxygen that favor hydrolysis degradation. In this way, the relative percentage of crystalline regions increases as a function of the exposure time to degradation in simulated soil. The increased crystallinity in PLA is also associated with the hydrolytic scission and consequent formation of lower molecular mass polymer chains, which can rearrange to form new crystals 19, [23] [24] [25] .
For the E-PLA/ENDO and E-PLA/EXO samples, the crystallinity percentage decreased during exposure to the degradation environment. This result likely occurred because of chain scission of chains during exposure. This result corroborates with the decrease of the mechanical properties of the E-EVA samples. The crystallinity percentage decrease reduces the compact packing of aligned polymer chains. The polymer chains interact via various types of the van der Waals forces, and the interaction strength depends on the distance between the parallel chain segments. With fewer crystalline regions, the strength of interaction between the chains is smaller, and it is one of determining factor for the mechanical properties of the polymer sample.
Conclusions
Blowing agents with different decomposition rates directly influence the morphology and mechanical properties of PLA foams. Smaller and more numerous cells were observed in samples processed with an exothermic blowing agent (E-PLA/EXO), and larger, less numerous cells were observed in the sample obtained with an endothermic blowing agent (E-PLA/ENDO).
With regard to the flexural strength mechanical properties, the E-PLA/ENDO sample showed superior results compared to the E-PLA/EXO sample. Both samples gradually lost their mechanical and modulus properties during exposure to model soil.
In the DSC analysis, Tg and Tcc decreased when lower molecular mass oligomers formed as a result of polymer chain scission caused by degradation. The variation in crystallinity proved that the degradation reached the neat PLA amorphous phase and in the case of the expanded samples, reached the crystalline phase.
The PLA foams that contained chemical blowing agents degraded during exposure to simulated soil. This degradation was revealed by increased hydrolysis that was the result of water infiltration associated with cells. In addition, this phenomenon was observed by FTIR where the increase in the intensity of the band at 3500 cm -1 was ascribed to the hydroxyl group (OH). 
